Abstract. Experimental investigations were conducted to determine the effect of several influencing factors on the fatigue behavior of interference-fit bolted composite joints. The sizes of interference fit, different materials of laps, and stacking sequences of main laminates were separately considered. Tension-compression reversed force/stress ratio, R=-1, was selected to evaluate the fatigue tests. The appropriate levels of fatigue stress were determined by the ultimate bearing strength of the fastener structure obtained from the static tensile tests. The bearing stress and the fatigue life (S-N) data of all specimens were presented and the relationship between influencing factors and fatigue life were obtained. The experimental results showed that the appropriate size of interference fit and the matched laps could improve the fatigue life of composite joint, however stacking sequences of main laminates was not sensitive to the fatigue life of composite joints.
Introduction
At present, the research on the fatigue properties of high-performance composites has been very broad and extensive, especially the fatigue performance of the whole plane and the fatigue life of composite structure have also attracted more and more attention. In the design of composite structure, researchers have not only satisfied with the fatigue analysis of the composite material itself, but also need to pull enough energy in the fatigue performance research of composite structure. A series of problems will be faced in the design of composite structure withstanding fatigue load, such as selecting the appropriate connection material and method according to the required fatigue performance, assessment of structural fatigue damage, the design of safe fatigue life to ensure the reliability of the connection and so on.
When co-curing technology was widely applied in composite structures, it could greatly reduce the assembly processes of aircraft manufacturing industry; however the mechanical joint was still the key method of connecting high performance composites into effective structures [1] . Fatigue performance of composite bolted joint was generally affected by the selection of R-ratio, fastener type, fastener preload/torque, fastener bolt-hole clearance, and environmental conditions. Under the cyclic stress, the bolts had serious structural fatigue failure due to the change of structural rigidity and damping [2] . Ibrahim [3] reviewed the role of joints parameter uncertainties and relaxation on the design and dynamic behaviour of metallic and composite structure.
With the development of advanced technologies and manufacturing processes, the interference-fit joints were attempting to be used in composite structures for getting a better fatigue performance. There are scatter studies about the effect of interference-fit pin installation, stress distribution, static strength analysis on composite interference-fit bolted or pinned joints in the literature [4] [5] [6] [7] [8] . However, there are few studies about the effect of interference fit on the fatigue behaviour of double-lap single bolted composite joints.
Therefore, in this paper the experimental investigations were conducted in order to study the fatigue properties of interference-fit bolted composite joints, with considering the factors of the size of interference fit, different materials of laps, and stacking sequences of main laminates.
Experimental Approach
The research on the fatigue problem of composite joints has been based on the experiment as the main method. Although there are many achievements in the research on the mechanism of fatigue damage and the simulation method has also made great progress, the experimental investigation is still the only way to verify the analysis results and the basis study of structural fatigue. The fatigue properties of composite joints are not only affected by the fatigue properties of the material itself, but also by many other factors. The influence of these factors on the fatigue properties of composite joints can not be described by the exact mathematical relation, and the fatigue properties of the structures can not be deduced by the fatigue performance of the material. It is necessary to combine the fatigue properties of the material and the data of bearing fatigue tests, in order to finally get the bearing fatigue characteristics of composite joints.
The same composite laminates (T700/BP9916) were selected for the tests of different composite joints. The geometric size of laminate is with of 90×25mm and 5mm diameter fastener hole. All joints were made with the same w/d = 5 ratio, e/d = 3 ratio, and specimen length of 210mm. A double lap joint, with two lap laminates transferring load to a main laminate, was used in all tests, since this could provide the most stable configuration and minimize the effect of bending in compression. Taking into the account of the length of specimen, a metal fixture was used to avoid the bending of specimen in compression.
Applied cyclic stress level of fatigue tests is obtained from the static bearing strength, in order to get a reasonable S-N curve. Static and fatigue bearing tests were performed by using an INSTRON 8801 dynamic test machine. Static tests were conducted under room condition with 1mm/min ramp speed. For the fatigue tests, the type of cyclic load applied to all specimens was a constant amplitude sine wave with a tension-compression reversed stress ratio R=-1. During static and fatigue tests, the deformation of the bearing hole was measured by extensometer. Joint damage can be indicated through joint stiffness reduction or hole elongation (wear around the hole). Testing was not generally terminated until enough bolt-hole elongation was produced (it may be 4% deformation of hole diameter) or 10 6 cycles were achieved. With the development of advanced technologies and manufacturing processes, the interference-fit joints are attempting to be used in composite structures for getting a better fatigue performance. There are scatter studies about the effect of interference-fit pin installation, stress distribution, static strength analysis on composite interference-fit bolted or pinned joints in the literature [8] [9] [10] [11] [12] . However, there are few studies about the effect of interference fit on the fatigue behaviour of double-lap single bolted composite joints. Therefore, in this paper the experimental investigations are conducted in order to study the fatigue properties of interference-fit bolted composite joints, with considering the factors of different materials of laps, and stacking sequences of main laminates. The blind bolted joints of four interference fit sizes (0% neat fit, 0.5%, 1.8%, 3%) were tested separately. The bearing stress and the fatigue life (S-N) data of different interference fit sizes specimen were presented and the relationship between interference fit sizes and fatigue life were obtained (in Fig.1 ). The best size of interference fit of bolted joints was influenced by the cyclic stress levels. At different dynamic stress levels, the best interference fit of the bolted joints was not always invariable. For the material T700/BP9916 studied in this paper, the fatigue life of the joints with 3% interference fit was the longest in lower bearing stress (less than ±540MPa), however in higher bearing stress (more than ±660MPa), the joints of the longest fatigue life was with 1.8% interference fit.
The Sizes of Interference Fit

Different Materials of Laps
In order to compare the effect of different overlapping plates on the compression fatigue properties of the composite structure, three types of laps (aluminum, steel, and composite) in interference fit bolted joints were investigated in fatigue tests. The loading waveform of dynamic stress was sine wave, the maximum cyclic stress amplitude was ± 667MPa (± 55%σ bru ) and the frequency of cyclic load was 5HZ. As seen in Figure 2 , the fatigue life of the aluminum-lap joint increased with the increase of the interference amount from 0% to 1.8%, and declined with the increase of the interference amount from 1.8% to 3%. For the steel-lap joint, the fatigue life continued to increase with the interference increasing from 0% to 3%. It could be concluded that the fatigue life of three kinds of overlapped joints increased with the increase of the interference amount from 0% to 1.8%. When the interference amount was 3%, the fatigue life of the steel overlap joint was the largest, the aluminum overlap joint was the second, and the composite overlap joint was the lowest. The fatigue tests were carried out on the four lay-ups (Table 1) of main plates in composite bolted joints. The loading waveform of dynamic stress was sine wave, the maximum cyclic stress amplitude was ± 667MPa (± 55%σ bru ), and the frequency of cyclic load was 2HZ. The fatigue life of the main plate P6 was the longest, the fatigue life of the main plate P7 was short, and the fatigue lives of the main plates P8 and P9 were basically the same. Therefore, it could be concluded that the fatigue lives of four different layers were close to each other. On the condition of 1.8% interference fit, the influence of different stacking sequence on the connection fatigue life was insignificant.
Stacking Sequences of Main Laminates
Conclusions
An experimental study had been carried out to investigate the effect of several factors (the sizes of interference fit, different materials of laps, and stacking sequences of main laminates) on the fatigue behavior of bolted joints in composite laminates. Thus, the following results are concluded:
(1) The size of interference fit had a great influence on the fatigue life of composite bolted joints. The fatigue life of the best interference and the worst interference (0%, neat fit) would be a difference of 5 to 10 times from the S-N curves.
(2) Different materials of laps also had a small effect on the fatigue life of composite bolted joints. When the size of interference fit increased from 0% to 3%, the fatigue life of aluminum laps increased first and then decreased, and the fatigue life of steel laps increased gradually. The fatigue life of the metal laps was slightly higher than that of the composite laps.
(3) Under the condition that the cyclic stress was ±55%σ bru and the size of interference fit was 1.8%, stacking sequences of main laminates had no obvious effect on the fatigue life of the nailing interference joint structure.
